Re-examining the 4.2 ka BP event in foraminifer isotope records from the Indus River delta in the Arabian Sea
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We have now reduced redundancies by only mentioning elements of site description in section 2. For example, we removed a paragraph at the start of section 5.3, and removed or edited several sentences in section 5. 1.  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  Abstract   52  53 The plains of northwest South Asia receive rainfall during both the Indian Summer (June-September) 54 and Winter (December-March) Monsoon. Researchers have long attempted to deconstruct the 55 influence of both these precipitation regimes in paleoclimate records, in order to better understand 56 regional climatic drivers and their potential impact on human populations. The Mid-Late Holocene 57 transition between 5.3-3.3 ka BP is of particular interest in this region because it spans the period of 58 the Indus Civilization from its early development, through its urbanization and on to eventual 59 transformation into a rural society. The An oxygen isotope record of the surface-dwelling planktonic 60 foraminifer Globigerinoides ruber from the northeast Arabian Sea provided evidence for an abrupt 61 decrease in rainfall and reduction in Indus River discharge at 4.2 ka BP, which the authors linked to 62 the decline of the urban phase of the Indus Civilization (Staubwasser et al., 2003) . Given the 63 importance of this study, we used the same core (63KA) to replicate the oxygen isotope profiles of a 64 larger size fraction of G. ruber than measured previously and, in addition, we measured measure the 65 oxygen isotope profiles of two other foraminifer species at decadal resolution over the interval from 66 5.4 to 3.0 ka BP, and replicate a larger size fraction of G. ruber than measured previously. By selecting 67 both thermocline-dwelling (Neogloboquadrina dutertrei) and shallow-dwelling (Globigerinoides 68 sacculifer) species, we provide enhanced detail of the climatic changes that occurred over this crucial 69 time interval. We found evidence for a period of increased surface water mixing, which we suggest 70 was related to a strengthened winter monsoon with a peak intensity over 79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102 1. Introduction 103 104
The ~4.2 ka BP event is considered to be a defining event of the Mid-Late Holocene transition 105 period (Mayewski et al., 2004) , and is marked by intense aridity in much of western Asia, 106 which has been linked to cultural transitions in Mesopotamia, Egypt, and the Indus Civilization 107 (Staubwasser and Weiss, 2006; Weiss, 2016) . Recently, a climate reconstruction from 108
Mawmluh cave in northeastern India has been used to formally demarcate the post-4.2 ka BP 109 time as the Meghalayan Age (Letter from the 44 th International Union of Geological Sciences, 110
2018; Walker et al., 2012) . However, defining the exact timing and extent of aridity at ~4.2 ka 111
BP remains an open question (Finné et al., 2011; Wanner et al., 2008) . In this special issue 112 devoted to the "4.2 ka event", we provide new paleoclimate data from a marine core in the 113 northern Arabian Sea over this critical time interval to better understand the changes that 114 occurred in both winter and summer hydroclimate over the Indian Subcontinent. 115 116
The δ 18 O record of Globigerinoides ruber from marine core 63KA, obtained from the Arabian 117
Sea off the coast of Pakistan and produced by Staubwasser et al. (2003) , was among the first 118
well-resolved paleoclimate records to suggest a link between a decrease in Indus River 119 discharge around 4.2 ka BP and the decline of the urban phase of the Indus Civilization. which spans the pre-urban, urban, and post-urban phases of the Indus Civilization (Giosan et  129 al., 2018, in review; Prasad and Enzel, 2006) . This is because the winter 130 rain zone partially overlaps with the summer rain zone ( Figure 1 ), and provides a critical 131 supply of rain and snowfall for the Indus River basin. However, we currently understand much 132 less about the behavior of the IWM than the ISM. 133 134
At its height, the Indus Civilization spanned a considerable geographical area with a greater 135 extent than all the other ancient civilizations of its time (Agrawal, 2007; Possehl, 2003; 136 Wheeler, 1968 While many paleoclimate studies from South Asia (references A-C, I, K-M, S, and U in Figure  145 1) have theorized about the overall climatic impact of drought (and in most cases identified 146 summer monsoon as the cause), it is important to identify changes in the relative 147 contributions and timing of seasonal rainfall from both the winter and summer monsoons. 148
Previously, it has not been possible to reliably differentiate winter and summer rain in 149 reconstructions from the Indus region. 150 151
In this study, we re-examined the same marine core (63KA) used in the original research of 152 Staubwasser et al. (2003) Today, most of the annual precipitation over northwest South Asia stems from the ISM, and 192 occurs mainly between June and September. The pressure gradient between the low-193
pressure Tibetan Plateau and high-pressure Indian Ocean is accompanied by the ITCZ 194 (Intertropical Convergence Zone) reaching its northward maximum in summer, which draws 195 in moisture over the subcontinent via southwesterly winds from the Indian Ocean (Fleitmann 196 et al., 2007; Gadgil, 2003) . The summer rainfall gradient increases from the central Thar 197
Desert (as little as 100 mm direct summer rainfall per year) to the Himalaya mountains in the 198 north (>1000 mm) and the Aravalli range to the west (>500 mm) ( Figure 1b ). 199 200
The IWM rain falls between December through March, and is mainly the result of atmospheric 201
Western Disturbances (Dimri and Dash, 2012; Yadav et al., 2012) originating over the 202
Mediterranean and Black Sea (Hatwar et al., 2005 ) that allow for moisture incursion from the 203 Arabian Sea (Rangachary and Bandyopadhyay, 1987) . During the IWM, the pressure gradient 204 is reversed from the summer condition, allowing the passage of Western Disturbances when 205 the ITCZ moves southward. As winter transitions to spring, predominantly northeasterly 206 winds shift to westerly winds (Sirocko, 1991 ) that result in peak winter rainfall over the plains 207 of northwest India in February and March. Anomalously cool, evaporative conditions over the 208 northern Arabian Sea (promoting deeper winter mixing) also correlates with increased winter 209 precipitation in the western Himalayas (Dimri, 2006) . The winter rainfall gradient increases 210 from the southern Thar Desert (<10 mm per year) up to the Himalayas in the northwest (>400 211 mm) ( Figure 1c ). Overall, the IWM contributes between roughly 10 to 50% of the total annual 212 rainfall of northwest South Asia today. Bar-Matthews and Ayalon, 2011) X Core M5-422 - (Cullen et al., 2000) 223
The Indus and the other rivers that make up Punjab are partly fed by winter snow and ice melt 224 from their upper mountain catchment areas. Melting peaks during the summer months 225
around July-August (Yu et al., 2013) , which coincides with the peak of ISM rainfall, and Indus 226
River discharge reaches its maximum during August (Karim et al.,and Veizer, 2002) . The 227
proportion of winter to summer precipitation contributing to the Indus River is not entirely 228 clear, although one study has estimated a 64-72% contribution of winter precipitation from 229 the deuterium excess of Indus River water (Karim et al.,and Veizer, 2002) , whereas a previous 230 study estimated a lower 15-44% contribution of snowmelt to Indus tributaries (Ramasastri, 231 1999 ). Since the 1960s, the Indus River has seen a more than a a 50% reduction in discharge 232
because of the construction of barrages as well as the diversion of water for agricultural uses 233
(Ahmad et al., 2001). 234 235
2.2 Hydrography -core site and ocean-based processes 236 237
Core 63KA was obtained by the PAKOMIN cruise in 1993 (von Rad et al., 1995) . The laminated 238 core from the northeastern Arabian Sea (24° 37' N, 65° 59' E) was taken at 316 m water depth 239 on the continental shelf, ~100 km west of the Indus River delta. The core has high 240 sedimentation rates (equivalent to a temporal resolution of around 18 years/cm in the period 241 of interest, 5.4-3.0 ka BP), and all foraminifer proxies were produced from the same laminated 242 core with no bioturbation. An important aspect of core 63KA is that different components of 243 the monsoon system are co-registered in the same sediment core, thereby permitting an 244 explicit evaluation of the relative timing of different parts of the climate system (e.g., ISM and 245 IWM). Dand during the transition from winter to spring, wind directions shift from northeasterly to 256 westerly (Sirocko, 1991) ., promoting a period of upwelling in the northeastern Arabian Sea 257 (Staubwasser et al., 2002; Rao, 1981) . 258 259
The northern Arabian Sea is dominated by highly saline (up to 37 psu) surface waters of 260 theknown as Arabian Sea High Salinity Water Mass (ASHSW), which extends from the surface 261 downup to 100 m depth (Joseph and Freeland, 2005) . Theis high salinity can beis explained 262
by the high evaporative rates over this region. ASHSW forms in the winter, but is prevented 263 from reaching our coring site on the shelf by northerly subsurface currents until the summer 264 (Kumar and Prasad, 1999) . Along coastal areas, the ASHSW is starkly contrasted by the fresh 265 water discharge of the Indus River, combined with direct precipitation. In contrast, surface 266 waters in the Bay of Bengal on the eastern side of India have much lower surface water 267 salinity, because of overall higher precipitation and stronger stratification from weaker winds 268 (Shenoi et al., 2002) . The heightened evaporative conditions and highly saline surface waters 269 of the northeastern Arabian Sea make it a sensitive study location to observe changes in 270 discharge of the entire Indus River catchment area -ultimately tracking changes in monsoon 271 strength. Unlike individual terrestrial records, which may be affected by local climatic 272 processes, the marine record from core 63KA is more likely to integrate regional changes of 273 the large-scale ocean-atmosphere system. water depths ("T" in Figure 1a ). Peak abundances for G. ruber and G. sacculifer occur have 281 peak abundances during the summer months (June-September), whereas N. dutertrei peak 282 lives mainly during the winter as well asand has a secondary peak in with a secondary peak 283 in summer months (Figure 2c for the period 13-11 ka BP (Supplemental Figure S5 , Table S2 ). IntCal13 was used for 311 radiocarbon calibration (Reimer et al., 2013) with marine reservoir ages provided by 312 Staubwasser et al. (2002 Staubwasser et al. ( , 2003 The When comparing the two G. ruber records, it is apparent that the increasing trend in δ 18 O 394 starts well before ~4.2 ka BP -perhaps as early as ~4.9 ka BP. This trend is also observed with 395 the SiZer analysis, which identifies a significant increase in δ 18 O anywhere from 4.9 to 4.2 ka 396 BP depending on which smoothing window is selected (Figure 4) Figure S3 ). The δ 18 O of G. ruber shows the greatest variance and N. dutertrei 436
shows the least (Supplemental Figure S4 , Table S1 ). 437 438
Equilibrium calcite calculations based on the salinity and temperature measurements from 439
the September 1993 CTD profile of station 11 of the PAKOMIN Cruise (von Rad, 2013) show 440 the expected depth habitats of the three foraminifer species (Figure 65 ). G. ruber is generally 441 found at 0-30 m, G. sacculifer at 15-40 m, and N. dutertrei at 60-150 m (Farmer et al., 2007) . 442
Using the CTD profile from our core location, we compare these depth ranges with the 
455
The most obvious trend in the G. sacculifer δ 18 O is the increases around 4.1 ka BP. A, and a 456
Student's Welch's t-test comparing the means of pre-and post-4.1 ka BP indicates that the 457 +0.0708‰ shift in mean δ 18 O values is statistically significant (t value = 3.98, p < 0.01, n = 458 128). SiZer analysis also points to a statistically significant increase at ~4.1-3.9 ka BP, when 459 considering all smoothing time windows between 20 and 500 years ( Figure 44 ). 460 461
Likewise, tThe dominant trend change in the δ 18 O of N. dutertrei is a mean increase at 4.1 ka 462 BP ( Figure 37 ). SiZer analysis also identifies a significant decrease in δ 18 O occurring mainly 463 between 4.45 and 4.35 ka BP, followed by a significant increase between 4.3 and 4.1 ka BP 464 (Figure 44 Alternatively, part of the offset might be explained by interlaboratory calibration considering 499 the data were produced using two different methods and mass spectrometers. 500 501
The observed 4. ka BP interrupted only by a period of cooling between 3.7 and 3.3 ka BP, which is in broad 542 agreement with records of alkenone sea-surface temperature estimates from cores in the 543 northeastern Arabian Sea ("E" in Figure 1) G. sacculifer is also a surface dweller, but has a slightly deeper depth habitat than G. ruber. 561
We thus expect G. ruber to be more influenced by surface salinity variations than G. sacculifer, 562
and suggest the δ 18 O difference between the two species (∆δ 18 Os-r), reflects the influence of 563
Indus River discharge on near surface salinity. The greatest smallest difference in ∆δ 18 Os-r 564 occurs at 4.1 ka BP, which is interpreted as an increase in surface water salinity ( Figure 68 ). 565 566
The increases ∆δ 18 Od-s, which occurs from 4.2-3.9 ka BP. Importantly, the proxies also indicate that 581 increased IWM mixing is generally positively correlated with increased Indus discharge, and 582 vice versa. The single time period when this does not hold true is 4.5-4.25 ka BP, when 583 increased IWM mixing is coupled with decreased Indus discharge. 584 585
In summary, our multi-species approach using δ 18 O of G. ruber, G. sacculifer, and N. dutertrei 586 allows us to differentiate between strength of the IWM and freshwater discharge of the Indus 587
River. We suggest that ISM strength decreased gradually from at least 4.8 ka BP, while the 588 IWM strength peaked around 4.5-4.3 ka BP and then weakened afterwards. It is unlikely that 589 the abrupt increase in G. ruber δ 18 O at 4.1 ka BP and low ∆δ 18 Os-r could be caused solely by 590 the decrease in IWM strength, even though IWM contributes to Indus River discharge. 591
Weakening of the ISM must have played a substantial role in the 4.1 ka BP shift as well, 592
indicated by the period 4.5-4.25 ka BP, when Indus discharge reflected a weak ISM (∆δ 18 Os-r) 593 despite a phase of strengthened IWM. 594 595 5.3 Comparison to marine records 596 597
The interpretation of core 63KA relies on proxies that directly link surface water salinity to 598 ISM precipitation and Indus River discharge, and thermocline shifts to related IWM-driven 599 mixing. Additionally, there is an established mechanism relating mixing with IWM strength, 600
as anomalously cool and evaporative conditions over the northern Arabian Sea (promoting 601 deeper winter mixing) correlates with increased winter precipitation in the western 602
Himalayas (Dimri, 2006) . The strength of the 63KA core lies in its highly resolved age model, 603
high sedimentation rates and its position in particularly saline surface waters (ASHSW) close 604
to highly contrasting freshwater sources. Additionally, both the ISM and IWM are co-605 registered in proxies in the same laminated core with no bioturbation, thereby permitting an 606 explicit evaluation of the relative timing of the two monsoons. 607 608
Other falconensis record close to our coring site ("C" in Figure 1 ), which contradicts disagrees with 618 our finding of decreased upper ocean mixing after 4.3 ka BP. We suggest the that the high 619 stratigraphic (i.e., laminated) and chronological (i.e., 15 radiocarbon dates between 5.4-3.0 620 ka BP) resolution of core 63KA paired with a multi-species foraminifer δ 18 O record can 621 provides a more detail aboutrobust history of the timing of changes in IWM and ISM strength, 622
but additional studies are needed to resolve some of the discrepancies among the records. 623 624 5.4 Comparison to regional terrestrial records 625 626
The 63KA δ 18 O record obtained from three foraminifer species highlights several important 627 ocean-atmosphere changes over the 5.4-3.0 ka BP time period. First, a sharp decrease 628 occurred in both summer and winter precipitation at 4.1 ka BP, which is within a broader 300-629
year period of increased aridity spanning both rainfall seasons between 4.2 and 3.9 ka BP. In 630 detail, we infer a relative decrease in Indus River discharge and weakened ISM between 4.8 631 and 3.9 ka BP, peaking at 4. (Dixit et  638 al., 2014) ( Figure 79) . A less abrupt yet still arid period is documented in a peat profile (~4.0-639 3.5 ka BP) from northcentral India (Phadtare, 2000) , at Lonar Lake (~4.6-3.9 ka BP) in central 640
India (Menzel et al., 2014) , and at Rara Lake (~4.2-3.7 ka BP) in western Nepal (Nakamura et  641 al., 2016). Finally, a recent study of oxygen and hydrogen isotopes in gypsum hydration water 642 from Karsandi on the northern margin of the Thar Desert showed wet conditions between 5.1 643 and 4.4 ka BP, after which the playa lake dried out sometime between 4.4 and 3.2 ka BP (Dixit 644 et al., 2018) . Considering terrestrial records can record more local climatic conditions than 645 marine records, it is remarkable that the records collectively agree on a regional phaseperiod 646 of regional aridity between 4.2 and 3.9 ka BP within the uncertainties of the age models that 647 vary considerably among records. 648 649
However, not all records support this finding., such asFor example, a reconstruction from 650
Sahiya Cave in northwestern India that shows an abrupt decrease in δ 18 O interpreted to 651 reflect an increase in monsoon strength from ~4. which would not record a drought at 4.2 ka BP if they had already dried out earlier from the 657 ongoing decrease in summer rainfall. In addition, there are also significant concerns about 658 chronological uncertainties when usingfrom the use of radiocarbon of bulk sediment for 659 dating in some of these records. It is also possible that variations in the timing of climate 660 change inferred from the terrestrial records may be real, reflecting different sensitivity to ISM 661 and IWM rain. As a marine record, core 63KA integrates large-scale ocean-atmosphere 662 changes, and therefore can help inform the interpretation of the more locally sensitive 663 terrestrial records. 
